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Abstract 
The need to quantify air emissions from animal feeding operations (AFOs) with 
relative ease and reasonable certainty continues to rise. Exploration of practical means to 
reduce air emissions also calls for less sophisticated but reasonably dependable methods to 
quantify the treatment effect. Although mobile air emissions monitoring units (MAEMUs) 
capable of precise and real-time emission measurement is the norm for continuous, intensive 
monitoring of emissions from mechanically ventilated animal facilities, their relative 
immobility and high cost are limiting their widespread use. Several other methods, such as 
gas-washing, micro-meteorological, wind tunnel, flux chamber, and mass-balance methods, 
have been employed to accommodate different measurement needs. Flux chambers have the 
advantages of being portable, small size, low cost, and less labor requirement. However, the 
performance of flux chambers and thus the measured emission values may be subject to the 
influence of the system design and operational characteristics. The focus of this study was on 
the evaluation and application of a dynamic flux chamber (DFC) for quantifying NH3 and 
CO2 emissions from laying hen manure.  
The first objective, as reported in Chapter 2, was to assess the impact of operational 
parameters on the DFC, including:  air exchange rate expressed in air changes per hour 
(ACH), and air turbulence or velocity over the manure surface resulting from different air 
inlet angles into the DFC space. Results of laboratory tests with laying-hen manure revealed 
that measured NH3 and CO2 emissions are positively related to DFC air exchange rate.  
Higher air velocities (0.07 vs. 0 m∙s-1at 39 ACH) over the manure surface as a result of the 
different air inlet angles (0 vs. 45 degrees) were shown to positively affect the measured 
gaseous emissions. 
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The second objective, as reported in Chapter 3, was to assess gaseous (NH3 and CO2) 
emissions of high-rise layer houses as measured with the DFC vs. MAEMU. The preliminary 
data showed that NH3 emission from the stored manure surface or piles measured with the 
DFC was 8% to 16% that of the whole barn measured with the MAEMU, while CO2 
emission from the manure surface was 1% to 4% of the barn emission. The preliminary 
results obtained with DFC concerning the dietary efficacy of ammonia emission reduction 
were mixed as compared to those obtained with the MAEMU.  
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Chapter 1: General Introduction 
Introduction 
Ammonia (NH3) and carbon dioxide (CO2) are two major gases produced from 
animal feeding operations (AFO). NH3 is generally considered the major pollutant released, 
while CO2 the principal greenhouse gas (GHG). Of primary interest is the reporting 
requirement from the Emergency Planning and Community Right-to-Know Act (EPCRA) if 
an animal production facility exceeds the 100 lb/day threshold of a hazardous material. NH3, 
along with H2S is generally considered the limiting hazardous gas compound from AFOs 
(Jacobson et al., 2005). Additionally, the U. S. Environmental Protection Agency (EPA) is 
expected to regulate CO2 and other GHGs (Broder, 2009).  
Although NH3 emission regulations have been in place for some time, state and 
federal regulatory agencies have not enforced these regulations for animal operations for 
various reasons including the limited information on emission of gaseous pollutants for 
animal facilities (Jacobson et al., 2005). However, regulatory entities are being pushed to 
enforce these standards, thus the need for reliable methods to monitor emissions arises.  
Mobile air emissions monitoring units (MAEMUs) are capable of precise and real-
time emission measurement and are typically used for continuous, intensive monitoring of 
emissions from mechanically ventilated animal facilities. It involves measurement of airflow 
rate of the exhaust or supply fans under specific static pressure and monitoring fans run-time. 
Among the studies that involve use of MAEMUs is the comparison of dietary treatments in 
terms of their impacts on gaseous emissions. In spite of the MAEMU‟s precision and real-
time measurement capabilities, its relative immobility and high cost limits the widespread 
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use for baseline emission and mitigation studies. Flux chambers have the advantages of being 
portable, small size, low cost, and less labor requirement. 
The performance of flux chambers and thus the measured emission values may be 
subject to the influence of the system design and operational characteristics. It has been 
documented that flux measurements from urea in the soil are affected by air exchange rate 
(Kissel et al., 1977; Whitehead and Raistrick, 1991; Rhoades et al., 2005). In addition, 
several other studies have shown improvement in NH3 emission estimation from wind tunnel 
and flux methods by matching air velocities over the emission source area to actual 
conditions (Ryden and Lockyer, 1984; Blanes Vidal et al., 2006; Wheeler et al., 2007).  
The focus of this study was on the evaluation and application of a dynamic flux 
chamber (DFC) for quantifying NH3 and CO2 emissions from laying hen manure. The first 
objective, as reported in Chapter 2, was to assess the impact of operational parameters on the 
performance of a DFC, including:  air exchange rate expressed in air changes per hour 
(ACH), and air turbulence or velocity over the manure surface resulting from different air 
inlet angles into the DFC space. The second objective, as reported in Chapter 3, was to assess 
gaseous (NH3 and CO2) emissions of high-rise layer houses with the DFC vs. MAEMU. The 
second part of the study was conducted at a commercial farm in central Iowa, where three 
mechanically ventilated high-rise laying-hen houses under three different dietary regiments 
(EcoCal
TM
, DDGS and Control) were monitored by a MAEMU. 
Thesis Organization 
This thesis has been prepared in ASABE journal paper format, consisting of two 
manuscripts. The thesis includes four chapters − a General Introduction, one manuscript 
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entitled “Effects of Air Flow Rate and Inlet Angle of a Dynamic Flux Chamber on 
Measurement of NH3 and CO2 Emissions from Laying-Hen Manure,” another manuscript 
entitled “Evaluation of a Flux Chamber for Assessing Gaseous Emissions and Treatment 
Effects of Poultry Manure,” and a General Conclusion.  In addition an appendix is included 
with additional information pertaining to the thesis research. 
Literature Review 
Animal feeding operations  
An animal feeding operations (AFO) as defined by the U.S. Environmental Protection 
Agency (EPA) is a lot or facility where (1) animals have been, are, or will be confined and 
maintained for a total of 45 days or more in any 12 month  period, and (2) crops, vegetation, 
forage growth, or post harvest residues are lacking.  The absence of vegetative cover of any 
significance excludes operations where animals are maintained on pasture or rangeland. In 
addition, the definition excludes any aquatic animal production facility. An AFO includes the 
confinement facility, manure management systems, and the manure application site (CFR, 
2005).  
Around the 1950s a change in traditional methods of how farm animals were raised 
began to occur. There was a development of new confinement systems that generally kept 
animals in specialized indoor environments and used hardware and automation instead of 
labor for many routine tasks. Confinement methods became predominant for species that are 
largely fed on grain and other concentrated feed, notably in the production poultry, pigs, veal 
calves and eggs (Fraser, 2005). These methods were accompanied by large increases in 
production. 
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Gaseous Emissions  
The substances and quantities emitted by an AFO can vary substantially, depending 
on the design and operation of each facility. AFOs can emit ammonia (NH3), nitrous oxides 
(N2O), hydrogen sulfide (H2S), carbon dioxide (CO2), methane (CH4), total reduced sulfur 
(TRS), volatile organic compounds (VOC), hazardous air pollutants (HAP), and particulate 
matter (including PM10 and PM2.5).  Gaseous emissions can be influenced by many factors 
such as animal species, number of animals present, type of confinement facility, feeding 
regiment, type of manure handling and storage system, phase of production, and time of year 
(EPA, 2001).  Most gaseous emissions of AFOs are generated by the decomposition of 
livestock wastes such as manure (feces and urine), spilled feed, bedding materials and wash 
water (Jacobson et al., 2003). 
NH3 is produced through the microbial decomposition of the organic nitrogen 
compounds in manure. Nitrogen in the diet that is not fully converted to animal products 
occurs as either urea (mammals) or uric acid (poultry) in urine, which hydrolyze rapidly to 
form NH3. Emission will continue with the microbial breakdown of manure under both 
aerobic and anaerobic conditions. Because NH3 is highly soluble in water, it will accumulate 
in manure handled as liquids and semi-solids or slurries, but will volatize rapidly with drying 
from manures handled as solids. CO2 also occurs as a consequence of microbial degradation 
of organic matter under both aerobic and anaerobic conditions. Under aerobic conditions, 
essentially all of the carbon is emitted as CO2. Under anaerobic conditions, CO2 is one of the 
by- products of the microbial decomposition of organic matter to methane.  Thus, both NH3 
and CO2 occur wherever manure is present (EPA 2001). 
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In the past gaseous emissions from agriculture were exempt from regulation. Its vital 
role in society and lack of resources to measure actual emissions provided a degree of 
amnesty for AFOs.  In 2001 the EPA submitted a report on “Emissions from Animal Feeding 
Operations,” which had as one of the objectives to assess the value of available information 
to support future air pollution policy decisions regarding AFOs. The report summarized 
existing gaseous emission records and recognized various data gaps to develop a complete 
set of emission estimates for model farms.  
Monitoring systems 
Several methods for monitoring gaseous emissions, such as gas-washing, micro-
meteorological, wind tunnel, flux chamber, and mass-balance methods have been employed 
to accommodate different measurement needs (Koziel et al., 2005; Liu et al., 2008). Gas-
washing consists of wet laboratory analysis with a scrubber system, which provides 
measurements of average concentrations over a relatively long period of time (hours or days). 
Gaseous emission fluxes can be calculated from measured concentration and corresponding 
house ventilation rate (Liu et al., 2008). Micro-meteorological methods involve the 
determination of the difference in gas amounts carried by the wind through the vertical 
planes (Ryden and Lockyer, 1984). These methods are commonly used to correlate gaseous 
emissions with climatic and emission source factors (Ferguson et al., 1987). The wind tunnel 
approach consists of an enclosed vessel that applies a certain velocity over a given area that 
is similar to actual conditions. Emission flux is calculated by relating gas concentrations to 
the flow rate through the vessel (Kinbush, 1985). Emissions from flux chamber methods are 
similarly calculated and consist of applying a given flow rate over an enclosed volume and 
measuring gas concentrations with an analyzer. In a mass-balance approach the average 
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emission fluxes can be estimated from total nutrient losses of an emission source throughout 
a concerned period (Liu et al., 2008). This method is commonly used to estimate NH3 
emissions from nitrogen sources.  
The standard for gaseous emissions monitoring is the mobile air emissions monitoring 
units (MAEMUs), capable of precise and real-time emission measurement and typically used 
for continuous, intensive monitoring of emissions from mechanically ventilated animal 
facilities. Gaseous emission rate (ER) is quantified as the product of concentration difference 
(between exhaust and inlet air) of the pollutant and the ventilation rate (Q) through the 
facility or source (Li et al., 2008b). It involves measurement of airflow rate of the exhaust or 
supply fans under specific static pressure and monitoring fans run-time. In spite of the 
MAEMU‟s precision and real-time measurement capabilities, its relative immobility and 
high cost limits the widespread use for baseline emission and mitigation studies. 
Mitigation strategies 
The facility design and operating methods may influence gaseous emissions. For 
example NH3 and other gaseous emissions can be reduced by removing solids more 
frequently (ever y 7 days or more often). Several methods have been developed to reduce 
gaseous emissions from AFOs. These address three major areas, (1) manure treatment, (2) 
exhaust air treatment, and (3) animal diet.  
Manure additives are products generally reducing NH3 volatilization from manure. 
Some of these are digestive (e. g. select microorganisms, enzymes) or NH3 absorbing 
additives (McCrory and Hobbs, 2001; Li et al., 2008c). Another treatment is manure 
acidification through the use of sodium bisulfate or aluminum sulfate (Herber et al., 1999; Li 
7 
 
et al., 2008c). At a pH of approximate 4.5 or lower, virtually all nitrogen present exists as 
nonvolatile ammonium (NH4
+
).  
A strategy to reduce emissions from exhaust air is biofiltration, where a filter bed is 
established at the exhaust with a diverse population of aerobic microorganisms, which 
oxidize the reduced compounds generated by indoor confinement to CO2, water, salts, and 
biomass (Leson and Winer 1991). Gas absorption is also a strategy to reduce emissions at the 
exhaust. Air is collected and passed through an enclosed tower with the absorption media 
(typically water) flowing counter-current to the air stream. Gases are diffused into and 
absorbed by the media (National Academy of Science, 2003). Another strategy to treat 
exhaust air is bioscrubbing, which has a similar concept to that of biofiltration, with the 
exception that the microorganisms are housed in an enclosed packed tower instead of in a 
filter bed (Lais, et al., 1997).  
There have been several studies that quantified NH3 emission reductions from diet 
manipulation. In general the studies are geared towards three objectives: (1) improving the 
nutrient utilization, thus reducing nitrogen and sulfur excreted; (2) additives to bind NH3; and 
(3) additives to lower manure pH. 
Natural zeolite [(Na4K4)(Al8Si40)O96∙24H2O] is a compound that could be used  to 
reduce gaseous emissions in AFOs described above. It has useful ion-exchange and 
adsorption properties for filter material, diet supplement and/or manure additive to reduce 
NH3 emission (Mumpton and Fishman, 1977). Li et al. (2008c), found that in topical 
application of zeolite NH3 emissions decreased with increased application rate of the 
additive. Table 1 summarizes some of the uses of zeolite for NH3 gaseous emission 
mitigation and corresponding results. Additionally, zeolite has been used as a filtration agent 
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in deep bed anaerobic cattle manure (Milán et al., 1999). The DFC system, described in 
Chapter 3, included zeolite filters to achieve a relatively NH3 free air supply. On-site filter 
efficiency is summarized in Chapter 3. 
Table 1. Previous research summary on NH3 emission reduction as a result of zeolite use. 
Emission 
Source 
Method Zeolite Amount Reduction Reference 
pig slurry 
Combination of adding an easily 
degradable straw to the slurry 
and covering the composting 
material with zeolite minerals 
53 g kg
-1 
of fresh 
chopped straw-
pig slurry miture 
80% of N-
losses 
Bernal et al., 
1992 
poultry 
manure 
A layer of a zeolite containing 
mixture was placed on the 
surface of the manure 
60% zeolite 
(weight basis) 
44% of 
NH3 
emissions 
Kithome and 
Paul, 1999 
poultry 
manure 
Topical application of zeolite on 
nearly fresh laying hen manure 
up to 12.5 kg/m
2
 
of zeolite 
up to 67% 
(±12%) of 
odors 
Cai et al., 
2006 
poultry 
manure 
Topical application of zeolite on 
nearly fresh laying hen manure 
up to 12.5 kg/m
2
 
of zeolite 
up to 77% 
NH3 
emissions 
Li et al., 
2008 
 
Layer-hen diets 
Dietary treatments, such as lowering the protein content, including high-fiber 
ingredients, or including EcoCal
TM 
(mixture of calciu sulfate and zeolite) have been shown to 
lower NH3 emission  (Liang et al., 2005; Roberts et al., 2007; Wu-Haan et al., 2007; Li et al., 
2008b, Roberts et al., 2009). Amino acids supplied above the level of the limiting amino acid 
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cannot be used and the nitrogen is excreted. A reduced protein content of the diet that more 
closely resembles the amino acid requirement of the animal, limits the amount of excess 
nitrogen that must be excreted. This is typically achieved through a reduced crude protein, 
and inclusion of crystalline amino acids (Liang et al., 2005). It was hypothesized by Roberts 
et al. (2009) that the inclusion of high-fiber ingredients (such as DDGS, wheat middlings and 
soy bean hulls) would provide energy to bacteria in the lower gastrointestinal tract where the 
bacteria use nitrogen, that would otherwise be excreted as uric acid, for bacterial protein 
synthesis; and the bacterial metabolism produces short-chain fatty acids that lower pH, thus 
shifting NH3 to the less volatile NH4
+
. EcoCal is a mixture of calcium sulfate (i.e., gypsum) 
and zeolite. Calcium sulfate is an acidifier, replacing the dietary calcium carbonate (i.e. 
limestone), and zeolite binds ammonium in the manure. The reduced pH and binding of NH4
+
 
result in reduced NH3 emissions. The thesis research outlined in Chapter 3 focused on 
emission results from three diets, DDGS, EcoCal, and control. Table 2 summarizes results 
from some of the literature on DDGS and EcoCal treatment effects on NH3 emissions. 
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Table 2. Previous research summary on NH3 emission reduction as a result of DDGS and 
EcoCal use in layer-hen diets. 
Emission 
Source 
Diet 
Treatment 
Amount of  Total 
Weight 
NH3 Reduction 
Rate Reference 
laying-hens           
(lab scale) DDGS 10% 50% 
Roberts et 
al., 2007 
laying-hens           
(lab scale) EcoCal 
6.9% EcoCal & 0.25, 
0.18 & 0.20% Crude 
Protein 27, 44 & 46 % 
Wu-Haan et 
al., 2007 
laying-hens           
(lab scale) DDGS 10% 17% Hale, 2008 
layng-hens           
(farm scale) EcoCal 7% 63% 
Lim et al., 
2008 
layng-hens           
(farm scale) EcoCal 3.75% 23% 
Li et al., 
2008b 
layng-hens           
(farm scale) DDGS 10% 14% 
Li et al., 
2010 
layng-hens           
(farm scale) EcoCal 3.75% 7% 
Li et al., 
2010 
 
Laying-hen high-rise barns 
Emission measurements using both the MAEMU and the DFC were conducted in 
three high-rise hen houses in central Iowa. These houses were two story buildings, containing 
stair-step cage systems in the upper story with manure collected and stored in the lower story 
of the building. Ventilation fans were located on the sidewalls of the manure collection and 
storage area with air passing down through the cages and over the accumulated manure to 
remove gases and moisture evaporating from the manure (EPA, 2001). Eggs were collected 
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on belts and transported to packaging stations. Feed was stored in grain bins and made 
available to the chickens through the use of augers.  
After defecation manure was collected on dropping board areas located directly under 
each cage, which were scraped multiple times per day. Manure then fell into the lower story 
of the building, and over time manure accumulated to form piles across the length of the 
barn. Manure from the lower story was usually removed once per year and used as fertilizer 
through cropland application. A detailed description of the site is noted in Chapter 3. 
Dynamic flux chambers (DFC) 
A few reported field studies using enclosed chambers to measure emissions were 
done since the 1950s and 60s (Volk, 1959; Kresge and Satchell, 1960) with the principle of 
measuring NH3 volatilization from varying surfaces. Subsequently, EPA made 
recommendations for the design and operation of a DFC (Kienbusch, 1986) where the 
chamber acts as a continuously stirred batch tank reactor (CSTR). Nevertheless, common 
applications of this design used flow rates as low as 5 L∙min-1 or 4.6 ACH, which would 
likely result in fairly static air inside the chamber. 
Since then, many studies have been conducted to improve flux chamber designs in 
order to achieve more representative gas emissions and better sample quality. For instance, 
the addition of instruments and computerization was done to allow automated and continuous 
sampling of multiple parameters such as gasses, temperature, pressure and flow rate (Boriack 
et al., 2005). Also, Rhoades et al. (2005) manufactured a flux chamber with a larger foot 
print in order to get a better representation of the emitting surface and reduce the number of 
samples needed. Moreover, Wheeler et al. (2007) constructed a flux chamber with the 
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provision of a relatively uniform, horizontal air flow over the enclosed surface that was 
comparable to air velocity conditions measured outside the flux chamber.  This resulted in a 
26% underestimation of NH3 emissions from an NH3 balance method in a laboratory scale. 
However, Kissel et al. (1977) was among the first to observe fairly large variation in NH3 
emissions from lab scale and field measurements from what seemed similar conditions using 
a flux chamber (with air scrubbing to determine emissions).  
Compared with the MAEMU, the DFC has the advantage of being portable, small 
size, low cost and less labor requirement. However, the DFC only covers a small area for 
each test which could overestimate or underestimate the emissions for large areas with non-
homogeneous properties. In addition, the DFC artificially restricts air exchange between the 
manure surface and the outside air, which may be attenuated with short closure times 
(Messinger et al., 2001). Furthermore, the performance of DFC and thus the measured 
emission values may be subject to the influence of the system design and operational 
characteristics.  
One such characteristic is the air flow rate through the system, which could affect the 
NH3 mass transfer coefficient and NH3 ER. Studies have shown seasonal variation in NH3 
concentrations in mechanically ventilated AFOs from the Northern Great Plains area in the 
United States, but have reported that ventilation rates occurring in the animal buildings seem 
to compensate for the variation and result in a fairly constant NH3 emission rate (Liang et al., 
2005). Jacobson et al. (2005) found that for four swine (finishing, gestation, and farrowing 
production stages) sites and two poultry (a layer and a broiler) sites NH3 emissions were 
fairly constant though out the year. Also, Li et al. (2008b) observed no variation in NH3 
emissions for laying hens in high-rise houses among winter and spring months. However, Li 
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et al. (2008a) found that NH3 emission rate increased gradually for a Tom turkey barn 
throughout the spring-summer flock and then declined for the fall-winter flocks. 
In the case of flux chambers it has been noted that flux measurements from urea in the 
soil are affected by air exchange rate (Kissel et al., 1977; Whitehead and Raistrick, 1991; 
Rhoades et al., 2005). Rhoades et al. (2005) observed that NH3 fluxes measured on recent 
urine deposits increased up to 10-fold between air flow rates of 0.1 and 1.0 air exchanges per 
minute. In addition, several other studies have shown improvement in NH3 emission 
estimation from wind tunnel and flux methods by matching air velocities over the emission 
source area to actual conditions (Ryden and Lockyer, 1984; Blanes Vidal et al., 2006; 
Wheeler et al., 2007). Ni (1999) concluded that NH3 release is very closely related to the air 
velocity on manure surface; and Messinger et al. (2001) found that an increase in air velocity 
over the soil surface from 0.5 to 1.0 m∙s-1 resulted in a 50% NH3 emission increment.  
In summary measuring emissions with flux chambers is restricted by the small 
footprint and the environment created inside the chamber. In essence, the chamber isolates 
the emitting surface from its natural environment, which may result in a bias measurement. 
Therefore, flux chambers measure the potential for a surface to emit a certain pollutant under 
the conditions inside the chamber, rather than actual emission. However, by determining 
what factors affect emissions inside a flux chamber we may get a better understanding of the 
actual emissions. 
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Abstract 
The high costs of sophisticated air quality monitoring systems such as mobile air 
emissions monitoring unit limit their use for air emissions measurement and mitigation 
studies.  In some cases such as naturally-ventilated animal or manure storage barns, air 
exchange rate of the emitting source is formidable to determine. Consequently, a need for 
alternative methods to dependably quantify air emissions arises. Several methods, such as 
gas-washing, micro-meteorological, wind tunnel, flux chamber and mass-balance methods 
have been employed to accommodate different measurement needs. Flux chambers have the 
advantages of being portable, small size, low cost, and less labor requirement. However, the 
performance of flux chambers and thus the measured emission values may be subject to the 
influence of the system design and operational characteristics. The objective of this study 
was to assess the impact of operational parameters on the performance of a dynamic emission 
flux chamber (DFC), including:  (1) air exchange rate expressed in air changes per hour (20, 
39, 58 and 78 ACH), and (2) air turbulence or velocity over the manure surface resulting 
from different air inlet angles (0 vs. 45 degree from the horizontal plane) into the DFC space. 
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Results of laboratory tests with laying-hen manure revealed that measured NH3 and CO2 
emissions are positively related to DFC ACH. Both NH3 and CO2 emissions increased with 
ACH, however CO2 appeared to be approaching a maximum emission at higher ACH, while 
NH3 emissions increased linearly with ACH. Higher air velocities (0.07 vs. 0 m∙s
-1
at 39 
ACH) over the manure surface as a result of the different air inlet angles (0 vs. 45 degrees) 
were shown to positively affect the measured gaseous emissions. 
Keywords. Ammonia emission, flux chamber, mobile air emissions monitoring unit, emission 
mitigation 
Introduction 
Air emissions from animal feeding operations (AFOs) can include ammonia (NH3), 
nitrous oxide (N2O), hydrogen sulfide (H2S), carbon dioxide (CO2), methane (CH4), total 
reduced sulfur compounds (TRS), volatile organic compounds (VOC), and particulate matter 
(including total suspended particle or TSP, PM10 and PM2.5). Gaseous emissions are affected 
by environmental conditions, ventilation rate, dietary composition, animal activities, animal 
life stage, manure properties (e.g. moisture content, pH), and manure management practices 
(Liang et al., 2005). 
The issue that most often brings air emissions to the attention of public officials is the 
frequency of complaints about objectionable odors voiced by neighbors of AFOs. Emissions 
may trouble residents because of actual or perceived health effects. Additionally, various 
substances in air emissions contribute to environmental degradation, such as eutrophication 
of water bodies or climate change (National Academy of Science, 2003).  
NH3 is mainly produced by the decomposition of nitrogenous compounds in manure 
through the inefficient conversion of feed nitrogen to animal products. Its characteristic 
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strong odor makes it easily detectable at 5 to 10 ppm. CO2, on the other hand, is odorless and 
produced mainly by animal respiration and secondary by manure decomposition. The 
generation of both gases from poultry facilities occurs through the degradation of uric acid in 
the manure, although CO2 is primarily from animal respiration (Pedersen et al., 2008). NH3 
can contribute to fine particulate formation (PM2.5) and when deposited back to the earth 
contributes to nutrient over-enrichment in aquatic systems and acidification of the 
environment, while CO2 is considered to be a greenhouse gas contributing to climate change 
(EPA 2001). 
In 2001 the U.S. Environmental Protection Agency (EPA) released a report on 
“Emissions from Animal Feeding Operations” that assessed the value of available 
information to support future air pollution policy decisions regarding AFOs. The report 
recognized various data gaps to develop a complete set of emission estimates for model 
farms. To do so and investigate efficacy of emissions mitigation strategies, practical and 
dependable methods to quantify air emissions are needed.  
Mobile air emissions monitoring units (MAEMUs) are capable of precise and real-
time emission measurement and are typically used for continuous, intensive monitoring of 
emissions from mechanically ventilated animal facilities. However, their relative immobility 
and high costs limit the widespread use for baseline emission or mitigation studies. Several 
other methods, such as gas-washing, micro-meteorological, wind tunnel, flux chamber, and 
mass-balance methods have been employed to accommodate different measurement needs 
(Koziel et al., 2005; Liu et al., 2008). Flux chambers have the advantages of being portable, 
small size, low cost, and less labor requirement. However, the performance of flux chambers 
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and thus the measured emission values may be subject to the influence of the system design 
and operational characteristics.  
Kienbusch (1986) developed a flux chamber “user‟s guide,” which detailed the flux 
chambers physical appearance and function, however standards for the operational 
parameters are lacking. Several studies have been conducted on the use, efficacy and 
operation of flux chambers. Of particular interest for this study are the effect fresh air flow 
rates through the chamber, and air velocity over the emission source surface. It has been 
documented that flux measured from urea in the soil are affected by air exchange rate (Kissel 
et al., 1977; Whitehead and Raistrick, 1991; Rhoades et al., 2005). Rhoades et al. (2005) 
observed that NH3 fluxes measured on recent urine deposits increased up to 10-fold between 
airflow rates of 0.1 and 1.0 air exchanges per minute, which is within normal ventilation rates 
for laying-hen houses in the Midwest. In addition, several other studies have shown 
improvement in NH3 emission estimation from wind tunnel and flux methods by matching 
air velocities over the emission source area to actual conditions (Ryden and Lockyer, 1984; 
Blanes Vidal et al., 2006; Wheeler et al., 2007). Hoff et al. (1981) was amongst the first to 
observe the underestimation of NH3 loss on windy days from swine manure applied to 
cropland using a flux chamber. Later on, Ni (1999) concluded that NH3 release is very 
closely related to air velocity at manure surface; and Messinger et al. (2001) found that an 
increase in air velocity over the soil surface from 0.5 to 1.0 m∙s-1 resulted in a 50% NH3 
emission increase with no air recirculation inside the vessel. The combined effect of both 
parameters seem to be absent in the literature. 
The objective of this study was to assess the impact of operational parameters on the 
performance of a dynamic emission flux chamber (DFC), including:  (1) air exchange rate 
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expressed in air changes per hour (20, 39, 58, or 78 ACH), and (2) air turbulence or velocity 
over the manure surface resulting from different air inlet angles (0 vs. 45 degrees from the 
horizontal plane) into the DFC space. 
Materials and Methods 
Dynamic Flux Chamber System 
This research was conducted in the Livestock Environment and Animal Physiology 
(LEAP) Laboratory II at Iowa State University.  The DFC was made of a 0.32 m diameter 
nearly semi-spherical vessel constructed of stainless steel, with a 12.3 L volume (fig. 1). It 
had an internal sample port, a fitting to check pressure and an adjustable exhaust valve 
located at the top of the vessel. The DFC also had four air inlet ports that split from one 
distribution line, equally spaced along the perimeter of the vessel. The air inlets were 
positioned to form a race-track airflow pattern, thereby facilitating good air mixing inside the 
DFC without use of an auxiliary mixing fan. 
 
Figure 1. Schematic representation of the dynamic flux chamber system (DFC). 
Fresh air to the chamber was supplied using a pump (model 2688CE44-010, 
Rupprecht & Patashnick Co. Inc., located in East Greenbush, NY) with a capacity of 50 
L∙min-1, or two Gast DDL linear air pump (Gast Manufacturing, Benton Harbor, MI) with a 
22 cm 18 cm 
32 cm 
5.5 cm 
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capacity of 10 L∙min-1. The flow rate controlled using a flow meter (model VFB-67-SSV, 
Dwyer Instruments, Michigan City, IN 0 to 20 L∙min-1 range). Pressure inside the chamber 
was measured with a manometer (Dwyer, model 25, MARK II) with a -0.05 to 3 in-H2O 
range. For all measurements the pressure was near 0 in-H2O regardless of the air flow rate. 
The DFC had an outer replaceable ring made of 0.404 mm galvanized metal. Silicon 
glue was used around the chamber to seal the contact with the ring. The ring penetrates the 
manure by approximately 5 cm to avoid or minimize leakage through the bottom of the DFC 
and force the air to pass through the designated sampling and exhaust ports at the top.  
For the purpose of this evaluation study, a photoacoustic mutilple-gas analyzer 
(INNOVA 1412, AirTech Instruments A/S, Ballerup, Denmark) was used to measure NH3 
and CO2 concentrations, with detection limits of 0.2 and 12.5 ppm, respectively. The 
INNOVA‟s own (internal) pump was used to extract the air from the chamber to be sampled 
approximately every 30 s. Air passed through 4 mm OD x 3 mm ID Teflon tubing (Applied 
Plastics Technology Inc., Bristol, RI) from the sampling port to the INNOVA, while a more 
flexible, clear 9.525 mm OD x 6.35 mm ID Tygon tubing (Saint Gobain Performance 
Plastics Inc., Beaverton, MI) was used for all other purposes. 
Experiment Considerations Based on Preliminary Trials 
A set of preliminary trials were conducted to observe the temporal changes in gaseous 
emissions from hen manure and the effect of varying air changes on gaseous emissions. An 
experiment design was developed that tested air flow rates of 10, 20, 29 and 39 ACH using 
the DFC. The purpose of the preliminary trials was to determine which variables could be 
discarded or manipulated, and to direct the scope and thus design of the subsequent main 
experiment.  
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This study was conducted using an environment-controlled system in a laboratory at 
Iowa State University. Manure was obtained from laying hen chickens, each batch 
corresponding to a different age group. The chickens were caged and the manure 
accumulated in a plastic sheet below. A random selection of the manure was placed in 
buckets and placed in a cold room to conserve manure properties. Manure was placed and 
well mixed inside a 261 L (69 gallon) clear plastic box, so that the complete area under the 
DFC would have manure at a depth of approximately 3 cm. At least 5 hours were allowed 
prior to use for temperature to normalize.  
Table 1. Observations obtained during pretrials which resulted in guidelines to be 
followed in the subsequent experiment 
 
Preliminary Trial Observation Resulting Guideline 
It was found that for an average duration of 6.5 
hr there was no convincing evidence that 
indicated gaseous emission of NH3 and CO2 
varied over time for a particular flow rate for 3 
out of the 5 trials.  
A fully randomized application of ACH was done 
for each trial, since no evidence of a decrease in 
gaseous emissions among repetitions was 
observed for average trial duration of 6.5 hours. 
A trend of increasing emissions with repetition 
was observed for the other 2 trials, which 
seemingly contradicts Edeogu et al. (2001) and Li 
(2006), who stated that manure odor emissions 
decreased with time. It was also observed that 
concentrations stabilized after some time (fig. 2). 
This suggests that manure temperature had not 
reached equilibrium (Pratt et al., 2002); possibly 
because the sample temperature was not able to 
normalize after it was placed in the container for 
measurements.  
A minimum of 20 hours was set for manure 
temperature to normalize prior to sampling. 
In addition, the increases in gas concentrations 
were subtle and did not result in a significant 
coefficient of variance (CV) for a 5 minute 
period. The change was hard to detect when 
using the INNOVA for “stand alone” 
measurements.  
A computer was used to graph “real time” gas 
concentrations measured with the INNOVA 
1412. 
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Moreover, there was convincing evidence that a 
difference existed in NH3 emissions among ACH, 
as the least squared mean of the log 
transformed emissions increased with ACH 
(table 2).  
Increased NH3 and CO2 emissions were observed 
with increased ACH, thus, the effect ACH on 
emissions was studied further. 
Furthermore, it appeared that manure 
properties varied substantially from batches to 
batch with a direct effect on manure emissions. 
Higher manure moisture content (Ave = 58% SE 
= 4.12% for n = 11) resulted in higher gas 
emissions, and higher percent of dust, feathers 
and feed in manure resulted in lower gas 
emissions.  
A more consistent source of manure and 
collection was used, since manure properties 
varied substantially from batch to batch. 
Finally, The increase in NH3 and CO2 emissions 
with ACH were best explained by a linear and 
quadratic model, respectively (fig. 3). Thus, the 
question of the existence of an emission 
maximum arises; both as a result of changes in 
velocity over the manure surface that causes a 
reduction in the interfacial boundary layer or 
other limiting factors such as moisture content.  
A wider range of ACH was selected (20, 39, 58 
and 78 ACH) in search of gaseous emission 
maximums for NH3 and CO2. 
 
 
Figure 2. Snapshot of a trial, where NH3 concentrations increased steadily with time. 
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Table 2. NH3 and CO2 log transformed emissions for preliminary trials for each air 
exchange rate. A total of 20 observations were used 
ACH 10 20 29 39 
NH3 
ER 0.085 0.128 0.140 0.186 
95% CI 0.063 0.115 0.095 0.174 0.104 0.190 0.137 0.251 
CO2 
ER 7.74 8.17 8.76 11.94 
95% CI 6.34 9.44 6.70 9.97 7.18 10.69 9.79 14.57 
 
 
 
 
 
 
 
Figure 3. NH3 and CO2 emission rate (ER, mg∙min
-1
) at different air exchange rates. 
Standard errors of 0.54 and 0.35 were obtained for NH3 and CO2 log transformed emissions 
respectively.  n = 20 
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Air Velocity Profile Measurement 
The chamber was placed on top of a clear plexi-glass plastic with the exact boundary 
of the chamber. The plastic had 17 holes (diameter 6.35 mm) drilled on it (fig. 4) along four 
directions of 45 degrees from one another and the centers of the openings in each line were 
spaced equally. Approximately 2.54 cm (1 inch) long 6.35 mm ID Tygon tubing was inserted 
into and glued to each hole, and the plexi-glass was covered with soil to simulate manure 
surface. The purpose of the tubing was to prevent the velocity transducer to come in contact 
with the soil and prevent soil/air from escaping through the openings. All the openings were 
taped underneath the plexi-glass and a flow rate was applied through the chamber. One 
opening was uncovered at a time and the velocity at the hole was measured and recorded in 
m∙s-1 with an omni-directional velocity transducer (0.001 m∙s-1 detection limit; model 8475-
12, TSI Davis Instruments, St. Paul, MN)
 
for all flow rates. After all flow rates were applied 
and the velocities were recorded the transducer was moved 2.54 cm (1 inch) further inside 
the DFC and the data were recorded, until the transducer could not go further. Once the first 
hole was completed, it was covered with tape and the next hole was uncovered and the 
velocity measured, following the same procedure. This was done for all 17 holes, providing a 
total of 126 measurements for each flow rate.  
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Figure 4. Experimental setup and schematic illustration for quantifying air velocity profile 
inside the dynamic flux chamber (DFC), air velocity transducer, and horizontal locations of 
the velocity measurement. 
 
Experimental Design 
Air flow rate and air inlet angle effects on air velocity 
A comparison of air velocities inside the DFC among 10, 20, 29, 39, 58 and 78 ACH 
(2, 4, 6, 8, 12, and 16 L∙min-1 flow rate) at an angle of 45 degrees with respect to the surface 
(air flowing in a clockwise racetrack pattern) was made. As shown in figure 4, for each ACH, 
air velocity was measured across the diameter of the DFC in four directions (45 degree 
apart). The number of velocity measurement points varied from 17 points for the bottom tier 
(2.54 cm above the covered surface) to 8 points for the top tier (20.3 cm form the covered 
surface, at equal vertical increments of 2.54 cm). This yielded a total of 126 air velocity 
measurements per ACH. The data were subject to a 3-way ANOVA using the “proc glm” 
function of SAS program.   
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A similar experiment was designed and conducted to achieve a comparison of air 
velocities inside the DFC as affected by two air inlet angles of 0 and 45 degrees into the DFC 
at air exchange rate of 39 or 78 ACH (8 or 16 L∙min-1).  Data collection followed the same 
procedure as described above.  The data were subject to a 4-way ANOVA using the “proc 
glm” function of SAS program.  
Air flow rate and velocity profile effects on emissions 
A randomized experiment design was used to achieve comparisons of gaseous 
emissions among air flow rates of 20, 39, 58, 78 ACH (4, 8, 12, and 16 L∙min-1), all at an 
inlet angle of 45 degrees relative to the surface. The air exchange rates fell within ventilation 
rates of laying-hen facility operations. Manure used in the evaluation study was from laying 
hens that were 24 to 32 weeks of age, fed a typical diet for the age range, and housed in 
cages. The collected manure was stored in a cold room to conserve manure properties. 
Approximately 6.12 kg or 6 L of manure was obtained for each batch. Prior to each test the 
manure was placed and well mixed inside a 261 L plastic box (fig. 5) and kept at room 
conditions for at least 20 hr to achieve stabilization. Average manure temperature was 22.5 
(± 0.64 SE) ⁰C as determined with a HOBO temperature sensor (Onset Computer, Pocassset, 
MA); and average moisture content (MC) was 74 (± 0.5) % “as-is” basis as determined by 
oven-drying method (Symons and Morey, 1941).  
 
 
 
 
 
Chamber 
Manure 
 
32 
 
Figure 5. Sketch of DFC sampling in emission rate comparison 
 
The INNOVA gas analyzer was allowed to warm up for 20 min prior to test 
measurement. Then background concentrations were determined by drawing the air directly 
from the air inlet to the analyzer. These concentrations (Co) were used in the emission 
calculations. The container was placed inside the lab‟s fume hood to reduce odors. The DFC 
was then placed at the middle of the manure-laden container (fig. 5). The exhaust valve was 
completely opened and the air inlets inside the chamber were set at 45 degrees. A lid with 
holes was used to cover the container. The lid helped block potential artifact effects from the 
fume hood on the DFC or drying the manure. The openings helped avert gas build-up inside 
the box. The DFC inlet, sampling port and pressure check tubing were run through one of the 
openings of the lid.  
The air supply to the DFC system was provided from the room air inlet to ensure 
fresh air and minimize CO2 concentration variations as a result of personnel presence. Air 
flow rates of 20, 39, 58 and 78 ACH were applied in a random order. Each ACH treatment 
was applied until at least 5 air exchanges occurred (approximately 16, 8, 6 and 4 min 
respectively) and coefficient of variation (CV = SD/mean x 100%) for the gas concentration 
readings was less than 5%. The final five concentration readings (last 2 min) for each ACH 
were averaged and used in the emission calculation. Each ACH was applied three times per 
batch of manure as described above. In total five batches of manure were used. Because of 
possible variation among batch properties, batches were considered a block. The results were 
analyzed by an ANOVA using the “proc glm” function of the SAS program. Figure 6 shows 
a flowchart representation of the described procedure. 
Emission rate calculations was as follows: 
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       (1)
 
where: 
ER  = emission rate, mg∙min-1 
Q  = flow rate going into the chamber, L∙min-1 
Ce  = gas concentration of air leaving the chamber, ppm 
Ci  = gas concentration entering the chamber, ppm 
Wm  = molecular weight of the gas, g∙mol
-1 
VM  = molar volume at standard temperature (0
⁰ 
C) and pressure (101.325 kPa), 22.4 L mol
-1
 
Tstd  = standard temperature, 273.15 K 
Pstd  = standard pressure, 101.325 kPa 
Pa  = local barometric pressure, 97 kPa 
Ta  = temperature of the sample air, 293.15 K 
Place DFC inside 
container
Allow for at least 5 air 
exchanges & stable 
concentration readings 
(CV < 5%)
Average last 5 
concentrations at 30s 
intervals
Apply next flow rate
N < 12
(No. replicate)
Apply First Flow Rate
Yes
Next batch of manure
(M = 5)
No
M < 5
(No. batches)Yes
No
END
Place and mix manure 
inside container
Randomly select the 
order of ACH (20, 39, 
58, 78) to be applied so 
that each is repeated 3 
times (N = 12)
START
 
Figure 6. Flow chart representation of procedure for evaluating the effects of air exchange 
rates on NH3 and CO2 emissions 
 
Air inlet orientation effect on emissions 
A 2 x 2 factorial experiment design was used to assess the effects of air inlet 
orientation on gaseous emissions, including 39 and 78 ACH (8 and 16 L∙min-1) by inlet 
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angles of 0 and 45 degrees (with respect to the manure surface). A total of 5 trials were done, 
and all possible combinations (ACH and angle) were sampled 3 times for each trial and the 
average was calculated per combination. The procedure and setup were the same as described 
in the „Air Exchange Effect‟ section with the exception that each treatment consisted of a 
flow rate (39 or 78 ACH) and inlet angle (0 or 45 degrees with respect to the manure 
surface). The data were analyzed by an ANOVA using the “prco glm” function of the SAS 
program. The significance (strong vs. weak evidence) of the obtained p-values was 
interpreted as indicated by Ramsey and Shafer (2002) for all analyses. 
 
Results and Discussions 
Effect of Air Flow Rate on Air Velocity Profile 
There were significant differences in air velocities inside the DFC with varying ACH 
(P < 0.0001). In general, air velocities increased with increasing ACH, but at 10, 20 and 29 
ACH the air was fairly static and no difference was observed, as shown in Figures 7 and 8. 
The highest velocities usually occurred in locations near the DFC wall. Also, in the case of 
58 and 78 ACH there were higher velocities near the surface.  
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Figure 7. Air velocity profile inside the dynamic flux chamber (DFC) at different distances 
from the manure surface for 10, 20, 29, 39, 58 and 78 ACH, with an air inlet angle of 45 
degrees. n = 17 for 2.54 to 12.7 cm; n = 16 at 15.24 cm; and n = 8 at 20.32 cm for each ACH. 
 
Additionally, when looking at the horizontal cross-section there wass convincing 
evidence that the air velocities were different for 39 ACH through 78 ACH. The highest 
velocities were recorded at 10.7 cm from the center (fig. 8), near the DFC wall, where the air 
inlets were positioned. There was no difference between the center and 5.3 cm location.  
 
Figure 8. Air velocity profile inside the chamber at different distances from center, 
obtained from 10, 20, 29, 39, 58 and 78 ACH, with an air inlet angle of 45 degrees. n = 6 at 0 
cm, n =64 at 5.3 cm, and n = 56 at 10.7 cm for each ACH 
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Table 3 lists the mean velocity under the DFC for each ACH. In summary, air under 
the DFC was fairly static for air flow rates up to 39 ACH. Velocities obtained from 58 and 78 
ACH were significantly different from each other and from all the other ACHs (p < 0.0001). 
Also, in general velocities in the center area of the DFC were the lowest. 
Table 3. Mean air velocity inside the dynamic flux chamber (DFC) space for different air 
changes per hour (ACH). n = 126 (SE = 0.003)  
Air flow rate, ACH 10 20 29  39  58  78  
Air velocity, m∙s-1 0.000 0.001 0.003 0.009 0.041 0.065 
 
Effect of Air Inlet Orientation on Air Velocity Profile 
Air inlet orientation showed an effect in air velocity distribution inside the DFC if we 
divide the vertical cross section into zones as shown in figure 9, with 2.54 to 7.62 cm from 
the surface comprising the lower zone; 10.6 to 12.7 cm the middle zone; and 15.2 to 20.3 cm 
the upper zone. At an air inlet angle of 0 degrees air velocities in the lower zone were the 
highest; on the other hand, at an air inlet angle of 45 degrees the highest air velocities were in 
the upper zone. In addition, at an air inlet angle of 0 degrees there was a higher air velocity at 
2.54 cm from the surface compared to all other locations in the vertical cross section (p < 
0.0001). Also, though no significant difference was found among most of the locations on the 
vertical cross section at an air inlet angle of 45 degrees the highest average velocity was 
obtained at 17.8 cm from the surface.   
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Figure 9. Air velocity profile inside the dynamic flux chamber (DFC) at different distances 
(zones) from the surface, obtained from different angles (0 and 45 degrees) and 39 and 78 
ACH. The vertical bars represent the maximum air velocity of each zone and corresponding 
air inlet angle. n = 51 at LZ, n = 34 at MZ, and n = 41 UZ for each ACH. 
 
There was significant evidence that air velocities at 2.54 cm from the surface were 
higher at an air inlet angle of 0 degrees vs. 45 degrees and a flow rate of 39 ACH (p < 
0.0001, SE = 0.006). Although the same was not true at 78 ACH, the mean velocity at 2.54 
cm was still numerically higher at 0 degrees with SE = 0.017 (fig. 10). Also, it is important to 
note that at 78 ACH the overall air velocity inside the DFC was significantly higher for 45 
degrees angle than for 0 degrees angle (P = 0.0073, SE = 0.003). 
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Figure 10. Mean air velocities at 2.54 cm from the surface for 39 and 78 ACH and at air inlet 
angles of 0 or 45 degrees. n = 17 per combination of angle and ACH. 
 
When looking at the horizontal cross-section there was convincing evidence that air 
velocities were different for among treatments (overall p < 0.0001). Similar to figure 6, the 
highest speeds were recorded at 10.7 cm from the center (fig. 11), near the chamber wall, 
where the air inlets were positioned, and there was no difference between the center and 5.3 
cm. Standard errors for the different positions according to air exchange rate are listed in 
table 4. 
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Figure 11. Air velocity profile inside the chamber at different distances from center, 
obtained from different angles (0 and 45 degrees) and different air exchange rates (39 and 78 
ACH). n = 6 at 0 cm; n = 64 at 5.3 cm; and n = 56 at 10.7 cm for each ACH 
 
Table 4. Standard error from air velocities (m∙s-1) at different positions along the horizontal 
profile of the chamber. Refer to figure 11. 
Distance from 
center, cm 
number of 
measurements 
Air flow rate, ACH 
39 78 
0 6 0.007 0.012 
5.3 64 0.001 0.006 
10.7 56 0.003 0.004 
 
 
Effects of Air Exchange Rate and Velocity on Emissions 
Gaseous emissions were expressed in milligrams per minute (mg∙min-1). The average 
NH3 and CO2 gaseous emissions increased with increasing ACH (fig. 12). There were 
significant differences in log transformed NH3 emissions among all ACH (20, 39, 58 and 78 
ACH; p < 0.0001; table 5). The log transformed CO2 emissions were also significantly 
different (p < 0.002) for all ACH comparisons except between 58 and 78 ACH (P = 0.5278).  
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Figure 12. NH3 and CO2 emission rate (ER, mg∙min
-1
) at different air exchange rates. 
Standard errors of 0.028 and 0.033 were obtained for NH3 and CO2 log transformed 
emissions respectively.  n = 20 
 
Table 5. Least squared means of NH3 and CO2 emissions at different air exchange rates with 
corresponding 95% Confidence Intervals (95% CI). 
  NH3 CO2 
Air flow rate, ACH ER, mg∙min-1 95% CI ER, mg∙min-1 95% CI 
20 0.76 0.72 0.80 22.1 20.8 23.4 
39 1.39 1.32 1.46 28.8 27.2 30.6 
58 2.12 2.02 2.23 34.9 32.9 37.0 
78 2.65 2.52 2.79 36.8 34.7 39.1 
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As shown in figure 12, a polynomial equation was the best fit for the CO2 emission 
data. This, combined with the fact that the CO2 emissions at 58 and 78 ACH were not 
significantly different, suggests that emissions will not increase infinitely with increasing air 
exchange rate.  On the other hand, NH3 emissions increased with ACH and the relationship 
was best explained with a linear model. Similar models were fit to explain the relationship of 
ACH vs. velocity. Although the models fit well, as noted previously, there was no difference 
in air velocity between 20 & 39 ACH, thus it is less likely that air velocity was the driving 
force to the different gaseous emissions under those flow rates. Therefore, it was more likely 
that fresh air exchange rate itself was the influencing factor in the emission increase. 
Additionally, it appeared that when ACH was doubled there was approximately 90% increase 
in NH3 emissions for the studied flow rates (fig.  13), while for CO2 there was only 30% 
increase (fig. 13). 
 
Figure 13. Percent increase in NH3 and CO2 emissions from those obtained at 20 ACH. 
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Effect of Air Inlet Angle on Emissions 
The resulting average air velocities inside the DFC, over the surface of the manure 
(2.54 cm from the surface), for each ACH regimen are listed in tables 6 and 7. Also included 
in the tables are the least squared means of the gaseous emissions for each ACH transformed 
to original scale from the log scale, obtained from the “prco glm” function of the SAS 
program. In comparing overall NH3 emissions resulting from 0 and 45 degrees air inlet 
angles and 39 or 78 ACH no significant difference was observed (overall p = 0.3221, n = 20). 
However, the average NH3 emissions observed were higher at an angle of 0 degrees 
compared to 45 degrees. A p-value of 0.0911 (n=10) was obtained when comparing the 
different angles (0 and 45 degrees) at 39 ACH, which indicates there was suggestive 
evidence that there was a difference in NH3 emissions at varying air inlet angles to the 
chamber. On the other hand, a p-value of 0.6473 (10 observations) was obtained when 
comparing NH3 emissions for the different angles at 78 ACH, which indicates no evidence of 
a difference in emissions existed between the angles. 
Table 6. The least squared means NH3 emission rate (mg∙min
-1
) at different air inlet angles 
and air flow rates in original scale. 
  39 ACH 78 ACH 
Angle 
Air 
velocity 
m∙s-1 
ER, mg∙min-1 95% CI 
p 
value 
Air 
velocity 
m∙s-1 
ER, mg∙min-1 95% CI p value 
    
0⁰ 0.067 0.622 0.581 0.665 
0.0911 
0.152 1.48 1.37 1.61 
0.6473 
45⁰ 0 0.576 0.539 0.616 0.126 1.46 1.34 1.58 
 
Similarly, the log transformed CO2 emissions at air inlet angles of 0 vs. 45 degrees 
were not significantly different with (P = 0.6775, n = 20). However, comparing the different 
angles at 39 ACH showed moderate evidence that there was a difference in CO2 emissions at 
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varying air inlet angles (P = 0.0341, n = 10). On the other hand, a p-value of 0.1295 (10 
observations) was obtained when comparing the different angles at 78 ACH, which indicates 
there was no evidence that there was a difference in CO2 emissions at varying air inlet angles 
to the chamber. The CO2 emissions were greater at an angle of 0 degrees as compared to 45 
degrees at an air exchange rate of 39 ACH, while at 78 ACH the opposite was true (table 7). 
There was evidence that suggested higher emissions at 0 degree inlet angle, specifically with 
39 ACH. This could be related to air velocities over the manure surface. As indicated in the 
„Velocity profile‟ section (fig.10), strong evidence of a higher velocity over the surface was 
observed for 39 ACH between 0 and 45 degrees. Thus, where there was a difference in 
velocities, there was evidence of a difference in emissions. 
Table 7. The least squared means of the CO2 emissions (mg∙min
-1
) at different angles and air 
flow rates in original scale. 
  39 ACH 78 ACH 
Angle 
Air 
velocity 
m∙s-1 
ER, mg∙min-1 95% CI 
p value 
Air 
velocity 
m∙s-1 
ER, mg∙min-1 95% CI 
p value     
0⁰ 0.067 18.1 16.5 19.9 
0.0341 
0.152 32.4 29.4 35.7 
0.1295 45⁰ 0 15.6 14.2 17.1 0.126 35.6 32.3 39.2 
 
Conclusions 
NH3 and CO2 emissions were observed to increase with increasing air exchange rate 
and air velocities inside the DFC. Air velocities under the chamber were significantly higher 
for 58 and 78 ACH as compared to 10, 20, 29 and 39 ACH. However, NH3 and CO2 
emissions were significantly different between 29 and 39 ACH even though there was no 
significant difference in air velocity between the two ACHs. The best-fit model for CO2 
emission with ACH was a quadratic equation, implying that CO2 emission would approach 
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maximum when ACH reaches 60. On the other hand NH3 emission seemed to increase with 
air exchange rate in a linear fashion for the ACHs tested (20 to 78). In addition, there was 
evidence of increased gaseous emissions with air velocity over the manure surface as a result 
of air inlet angle (0 m∙s-1 at 0 degrees vs. 0.07 m∙s-1 at 45 degrees) for 39 ACH, although this 
angle effect was not evident at 78 ACH.  
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Abstract 
Mobile air emissions monitoring units (MAEMUs) are capable of precise and real-
time emission measurement, and are considered the norm for continuous intensive 
monitoring from mechanically ventilated animal facilities. However, their relative 
immobility and high cost are limiting a widespread use. Meanwhile the need to quantify air 
emissions from animal feeding operations (AFOs) continues to rise. Exploration of practical 
means to reduce air emissions also calls for less sophisticated but reasonably dependable 
methods to quantify the treatment effect. Correspondingly, several methods, such as gas-
washing, micro-meteorological, wind tunnel, flux chamber, and mass-balance methods, have 
been employed to accommodate different measurement needs. Flux chambers have the 
advantages of being portable, small size, low cost, and less labor requirement. The objectives 
of this study were to assess gaseous (NH3 and CO2) emissions of high-rise layer houses with 
a dynamic flux chamber (DFC) vs. MAEMU and to evaluate the adequacy of using the DFC 
to determine the relative efficacy of dietary regimens on ammonia emissions from the layer 
manure. The preliminary data (37 measurements) showed that NH3 emission from the 
manure surface measured with the DFC was 8% to 16% that of the whole barn measured 
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with the MAEMU, while CO2 emission from the manure surface was 1% to 4% of the barn 
emission. The preliminary results obtained with DFC concerning the dietary efficacy of 
ammonia emission reduction were mixed as compared to those obtained with the MAEMU.  
Keywords: Ammonia, carbon dioxide, flux chamber, air emissions, mitigation 
 
Introduction 
In modern livestock and poultry barns, proper indoor air quality is imperative in 
maintaining the health of workers, animal welfare and productivity. Ammonia (NH3) and 
carbon dioxide (CO2) are two of the major pollutants emitted from animal feeding operations 
(AFO) because of the potential health risks and impact on the environment. It has been 
reported that in poorly ventilated barns, high concentrations of NH3 coincided with 
symptoms associated with toxic or inflammatory effects on the respiratory tract of workers as 
well as adverse effects on animal health (Carlile, 1984; Jacobson et al., 2003). In addition, 
NH3 volatilization leads to “acid rain” in the vicinity (van Breemen et al., 1982). CO2 also 
causes human health risks at concentrations of 1% (10000 ppm) or higher. The CO2 toxicity 
and its effects increase with concentration, which may exist inside a facility when ventilation 
failure occurs. Furthermore, CO2 is considered one of the major greenhouse gases that 
contribute to global warming. 
NH3 is mainly produced by the decomposition of nitrogenous compounds in manure 
through the inefficient conversion of feed nitrogen to animal products. Its characteristic 
strong odor makes it easily detectable at 5 to 10 ppm. CO2, on the other hand, is odorless and 
produced by animal respiration and manure decomposition. The generation of both gases 
from poultry facilities occurs through the degradation of uric acid in the manure, although 
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CO2 is primarily from animal respiration (Pedersen et al., 2008). Undigested nitrogen in feces 
will also be mineralized to NH3 (National Academy of Science, 2003; Zhao, 2007). Gaseous 
emissions are affected by environmental conditions, ventilation rate, dietary composition, 
animal activities, animal life stage, manure properties (e.g. moisture content, pH), and 
manure management practices (Liang et al., 2005).  
Mobile air emissions monitoring units (MAEMUs) are capable of precise and real-
time emission measurement and are typically used for continuous, intensive monitoring of 
emissions from mechanically ventilated animal facilities. Gaseous emission rate (ER) is 
quantified as the product of concentration difference (between exhaust and inlet air) of the 
pollutant and the ventilation rate (Q) through the facility (Li et al., 2008a). It involves 
measurement of airflow rate of the exhaust or supply fans under specific static pressure and 
monitoring fans run-time. Among the studies that involve use of MAEMU by our research 
group at Iowa State University was the comparison of dietary treatments of EcoCal
TM
, dried 
distillers grains with solubles (DDGS) and control diets. Recent laboratory studies showed a 
40 – 60% reduction in NH3 emissions from laying-hen manure of an EcoCal
TM
 diet, while a 
study conducted in a commercial operation showed an emission reduction of up to 23.2% (Li 
et al., 2008b). Also, the higher supply of DDGS in animal diets, because of the rapid increase 
in production of ethanol encourages comparison (Waldroup et al., 2007). Roberts et al. 
(2007) found a reduction of approximately 40% in NH3 emission from manure of laying hens 
fed 10% dietary DDGS. In spite of the MAEMU‟s precision and real-time measurement 
capabilities, its relative immobility and high cost limits the widespread use for baseline 
emission and mitigation studies. Several other methods, such as gas-washing, micro-
meteorological, wind tunnel, flux chamber, and mass-balance methods have been employed 
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to accommodate different measurement needs (Koziel et al., 2005; Liu et al., 2008). Flux 
chambers have the advantages of being portable, small size, low cost, and less labor 
requirement. 
The objectives of this study were to assess gaseous (NH3 and CO2) emissions of high-
rise layer houses measured with the DFC vs. with the MAEMU, and to evaluate the adequacy 
of using the DFC to determine the relative efficacy of dietary regimens on NH3 emissions 
from the layer manure.  
 
Materials and Methods 
Site Description 
Mobile Air Emissions Monitoring Unit (MAEMU) 
The MAEMUs are capable of precise and real-time emission measurement for 
mechanically ventilated animal facilities. A detailed description of the MAEMU and 
operation can be found in Burns et al. (2005), while Li et al. (2008b) described its use at the 
studied site.  The gasses of interest (NH3 and CO2) were measured with a photoacoustic 
multi-gas analyzer (INNOVA model 1414, INNOVA AirTech Instruments A/S, Ballerup, 
Denmark). The gas analyzers were checked weekly with calibration gasses and recalibrated 
as needed. Air samples were drawn from two composite locations (east and west parts) in 
each house as well as from outside locations to provide ambient background data. Ventilation 
rates were measured by continuously monitoring runtime of the fans whose performance 
curves were determined in-situ. 
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High-rise Layer House Description 
High-rise layer houses are two story buildings, which contain stair-step cage systems 
in the upper story with manure collected and stored in the lower story of the building. 
Ventilation fans were located in the sidewalls of the manure collection and storage area with 
air flow passing down through the cages and over the accumulated manure to remove gasses 
and moisture evaporating from the manure. Eggs are collected on belts and transported to 
packaging stations.  The houses (at the site in central Iowa) had an east – west orientation, 
with an approximate length of 180 meters and width of 27.4 meters (fig. 1). Ventilation fans 
are located on both longitudinal sidewalls at the manure storage level.  
Each house contained approximately 255,000 white leghorn (Hy-line W-36) laying 
hens, and each was supplied with a different diet. Including a diet containing 3.5% EcoCal, 
containing 10% DDGS, and a control diet containing neither EcoCal nor DDGS. All other 
ingredients were included in the proprietary commercial diet to supply nutrients to meet or 
exceed the NRC (1994) recommendations. 
 
Figure 1. A sketch of the top view of the lower story of the high-rise barns sampled, showing 
the pile numbering scheme. 
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Manure Management and Handling 
Manure was collected on dropping board areas located directly under each cage, and 
was scraped three times per day. Manure fell to the lower story of the building (fig. 2), and 
over time manure accumulated to form piles across the length of the barn. Ten manure piles 
were formed and labeled as shown in figure 1. Mixing fans were located at the manure level 
on every other isle to facilitate manure drying. Manure from the lower story was removed 
once or twice a year and land applied as fertilizer. 
 
Figure 2. Sketch of a cross section view of a high-rise layer house. Contains outline of 
MAEMU instrumentation inside the house. (Li et al. 2008) 
 
Gaseous emission estimations from flux chamber methods only account for emissions 
from the manure in the lower story of the building. The estimation does not consider 
emissions from manure located on the dropping board areas, as well as other sources of 
emissions like spilled feed, wash water, and animal respiration (CO2) . Therefore, an 
“underestimation” of gaseous emissions for the entire house is expected. Additionally, there 
are several sources of variability due to factors affecting manure properties, such as  
proximity of manure areas to mixing and ventilation fans, water leakage, bird activity, and 
operational states fans and scrapers. 
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Dynamic Flux Chamber (DFC) System  
The DFC system was used to measure NH3 and CO2 and was the same as the one 
described in Chapter 2. Throughout the comparative study flow through the DFC was kept at 
approximately 39 air changes per hour [ACH (8 L∙min-1)], and the air inlets were maintained 
at 45 degrees with respect to the manure surface. In addition an in-line air purification filter 
containing zeolite was used to remove most, if not all, NH3 from the incoming (in-barn) air to 
the DFC to have a relatively NH3-free supply air from location to location. Air was supplied 
with a Gast DDL linear air pump (Gast Manufacturing, Benton Harbor, MI) and the flow rate 
was controlled using a Dwyer flow meter (model RMA21SSV) with a 0 to 10 L/min range.  
The air was sampled using a photoacoustic multi-gas monitor (INNOVA 1412, AirTech 
Instruments A/S, Ballerup, Denmark). Figure 3 illustrates a sketch of the DFC system and all 
the components. 
 
 
Figure 3. Schematic representation of the dynamic flux chamber (DFC) sampling system 
 
Zeolite as a Filter Material 
Inside a ventilated animal facility gas concentrations may vary over time, which 
changes what the perceived gas concentration is outside the chamber. In addition, NH3 
emission may be inhibited by high NH3 concentrations. Thus, when attempting to estimate 
exhaust 
INNOVA 
pump flow-meter 
DFC 
air inlet 
zeolite filters 
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NH3 emissions from a DFC an NH3 free supply air to the system that is not greatly 
influenced by the emission source (manure) is desirable.  
The ion-exchange and adsorption properties of zeolite for binding NH3 have been 
well documented (Mumpton and Fishman, 1977; Bernal et al., 1992; Kithome and Paul, 
1999; Cai et al., 2006; Li et al., 2008c), and its application as a filter material for a DFC 
system is warranted. Additionally, the low cost of zeolite compared to other filter materials, 
such as activated carbon, makes it an attractive alternative.  
In turn, the DFC system was fitted with 2 in-line zeolite filter columns filled to a 
depth of approximately 14 cm on 28 cm columns (5.5 cm ID and 7 cm OD). The onsite 
efficiency of the filters was determined through background tests performed prior to DFC 
tests on the manure piles. These tests are described in the subsequent section. While the 
background tests were being performed, NH3 and CO2 concentrations were being sampled 
simultaneously by the MAEMU. Filter efficiency was determined by comparing the average 
concentration after zeolite filtration to the one obtained from the closest MAEMU sampling 
port during the same period of time; as ave NH3 decrease = [NH3(MAEMU) – NH3(background test)] 
* [NH3(MAEMU)]
-1
. If the DFC was located in between sampling ports, then the average NH3 
concentrations for the entire house was used. 
Over the course of 12 days, 64 background tests were performed, which covered all 
seasons of the year and a broad range of NH3 concentrations. The minimum and maximum 
NH3 concentrations obtained from the MAEMU during a background test were 2.3 and 81 
ppm respectively. The average decrease in NH3 concentrations for all measurements was 
90% (SE = ± 2% for n = 64). The efficiency of the zeolite filter seemed to increase with NH3 
concentrations. When NH3 concentrations from the MAEMU were above 20 ppm the 
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average decrease in NH3 was 97% (SE = ± 0.3% for n = 40). On the other hand, when 
MAEMU concentrations were less than 4 ppm the decrease in NH3 concentrations were as 
low as 10%. The reduced efficiency could be attributed to less contact between the zeolite 
surface area and the NH3 particles. Also, the proximity of the low concentrations to 
instruments‟ detection limit and differences in the sample may have contributed to some 
extent. Additionally, the near NH3 free air could have been freeing NH3 attached to the 
zeolite from previous trials. Figure 4 shows NH3 concentrations before (as measured with 
MAEMU) and after the zeolite filters.  
 
Figure 4. NH3 concentrations before and after the zeolite filtration. n = 64, 5.5 cm ID and   
14 cm depth 
 
CO2 concentrations did not seem affected by the zeolite filters as concentrations 
closely matched the ones obtained by the MAEMU (fig.5). Further studies of zeolite use as 
filter material are warranted. 
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Figure 5. CO2 concentrations before and after the zeolite filtration. n = 27, 5.5 cm ID and   
14 cm depth 
 
 
Farm Measurements 
Figure 6 shows the sample locations, which were chosen to determine spatial 
variation of NH3 concentrations in longitudinal and latitudinal directions. NH3 and CO2 
emissions measured with the DFC were also compared to those measured with the MAEMU 
for the three high-rise layer houses under three different dietary treatments (EcoCal
TM
, 
DDGS and control). A location was chosen at approximately the middle point between two 
adjacent mixing fans in the manure store level and a light bulb adapter was placed in one of 
the lights to provide power to the DFC operation. The manure store mixing fans were used to 
facilitate the manure drying. A position too close to one of these fans may not provide an 
adequate representation of manure properties throughout the house. The DFC was placed 
approximately mid-way between the peak and the base of the pile. A plastic bag was placed 
on top of the chamber to prevent any manure from falling on it. The air-supply inlet of the 
system was hung at a height of approximately 3 m (10 feet) above the floor. 
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Figure 6. A sketch of the manure piles in each of the three barns sampled, showing the 
numbering scheme. The MAEMU‟s sampling ports are located between piles 1 & 2 and 9 & 
10. DFC samples were taken from piles 1, 2, 5, 6, 9 and 10. 
 
Efficiency of the zeolite filters was checked prior to the tests on the manure piles in 
each house to determine the passage rate of NH3 through the filters and quantify the 
background NH3 and CO2 that would enter the DFC. The tubing was adjusted such that air 
passed directly from the zeolite filters to the INNOVA by by-passing the DFC (fig. 7). 
Normally, the test lasted for 10 min, except when the INNOVA had not been used for a long 
time, in which case sampling was done for 20 min to allow the INNOVA to warm up. The 
last 5 min measurements were averaged to get the base concentration of NH3 and CO2. 
 
 
Figure 7. Sketch of set up to measure background gas concentrations. 
 
exhaust 
INNOVA 
flow-meter pump 
zeolite filters 
air inlet 
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To test the manure piles, the flow meter was adjusted so that air went into the DFC at 
8 L∙min-1 (i.e. 39 ACH). During sampling, the INNOVA was set to sample every 30 s and 
gas concentrations were automatically recorded in the INNOVA internal memory and 
retrieved after each farm visit. In addition, the concentrations were also manually recorded 
every 5 min, which allowed the operator to determine when concentrations stabilized. If the 
difference between the two consecutive concentration readings was less than 5%, the 
equilibrium of gaseous emissions was obtained and the DFC was moved to the next location. 
If not, the concentrations were continuously recorded on the sheet every five minutes until 
the last two concentration differences were within 5%. Figure 8 shows a graph for a set of 
concentration measurements in one location.  
 
Figure 8. Example graph of on-site NH3 concentration measurements from the DFC and 
MAEMU 
 
In a research study conducted by Boriack et al (2005) there was no significant change 
in the concentration output due to chamber adsorption when a clean chamber was exposed. 
The chamber in their study consisted mainly of stainless steel as did the chamber in our 
MAEMU 
DFC 
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study. Therefore, chamber adsorption was considered negligible, as well as the adsorption 
due to the tubing material (Shah et al, 2006).  
A flux from the DFC is obtained as follows: 
   [1] 
where: 
F  = flux, g min
-1
 m
-2
 
Q  = flow rate going into the chamber, L min
-1
 
Ce  = gas concentration of air exiting the chamber, ppm 
Ci  = gas concentration entering the chamber, ppm 
Wm  = molecular weight, g/mol 
VM  = molar volume at standard temperature (0
0 
C) and pressure (101.325 kPa), 22.4 L mol
-1
 
Tstd  = standard temperature, 273.15 K 
Pstd  = standard pressure, 101.325 kPa 
Pa  = barometric pressure, 97 kPa 
Ta  = temperature of the sample air, 293.15 K 
ADFC = DFC area, 0.0804 m
2 
 
In order to estimate the emission rate of the entire barn through the DFC, the manure 
pile surface area was estimated. The manure profile was measured by placing a measuring 
tape directly on the manure and over the pile, covering the entire perimeter. Three profile 
measurements were taken from each pile in the barn (east, middle and west), a total of 30 
measurements per barn for each run. Since manure was removed from the houses multiple 
times during the study, samples were only taken when the pile profile was between 1.5 and 
4.3 m. A weighted average of the emission rates was determined, where piles 1, 2 & 3 were 
considered „north‟, 4, 5, 6 & 7 „middle” and 8, 9 & 10 „south‟ (fig. 4) resulting in the 
following equation: 
 
DFCstdam
astdmie
APTV
PTWCCQ
F
610


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     [2] 
where: 
ERmanure  = estimated emission rate of the manure piles through DFC, g min
-1
 barn
-1
 
Fi  = Flux at the north, middle or south locations, g min
-1
 m
-2
 
Ai  = Average area of three measurements of a pile (1 through 10), m
2
, calculated 
from measured perimeter and length of the pile.  
 
Manure Pile Profile 
To determine manure pile variability within each barn a factorial experiment that 
considered 3 independent variables was developed. The variables were the barn (3 barns), the 
manure pile number (10 piles per barn, fig. 1), and a location on the pile (3 locations per pile:  
east, middle or west), blocked by the day of measurement collection. The measurements were 
analyzed by a 3-way ANOVA using the “proc glm” function of the SAS program. The barns 
were identified by dietary treatments; DDGS, control, and EcoCal. 
Manure perimeter measurements were completed for 8 ~ 9 days from May to August 
(2009). Measurements within each pile were gathered within a 2-hour period. 
Pile perimeter generally increased with time, except for the periods when birds had 
been removed or new flocks were placed. Figure 9 shows how the overall mean pile 
perimeter increased with time. Although the barns were identified by dietary treatment, no 
attempt at a relation among diets and pile size variability was done. 
     10987654321 AAAFAAAAFAAAFER southmiddlenorthmanure 
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Figure 9. The average pile perimeter for each day and barn. There were a total of 30 
measurements per barn per day. 
 
Convincing evidence was found that at least one pile was different within all three 
barns. When looking at the north to south orientation (fig. 10) of the barns (10 piles with 3 
measurements per pile, and done 9 times) a significant difference was observed with p-values 
of less than 0.0001 for all barns. Similarly when looking at the east to west orientation (fig. 
11) there was convincing evidence of a difference with p-values of 0.0006, and less than 
0.0001 for barns being administered DDGS and control diets respectively. Meanwhile, the 
barn being administered the EcoCal diet showed suggestive evidence of a difference in pile 
size on the east to west orientation with a p-value of 0.0598. 
63 
 
 
Figure 10. Least squared means of the pile size from the three barns for every manure pile 
(north to south orientation). 27 measurements per pile for DDGS and control barns, and 24 
measurements per pile for the EcoCal barn. 
 
 
Figure 11. Least squared means of the pile size from the three barns for the east to west 
orientation. 90 measurements per location for DDGS and Control barns, and 80 
measurements per location for the EcoCal barn 
 
Manure pile size variation could be impacted by various factors. In some instances 
manure removal could last more than a week or it could be done in portions, instead of all of 
it during the same period, resulting in different pile sizes. Similarly, the placement of the 
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birds is approximately done over a week span; consequently some areas may receive bird 
defecation at an earlier starting time. Another factor is manure accumulation in beams 
separating the two levels in the barn, preventing manure from settling in the lower story. 
Additionally, operational parameters affect pile profile, including: loss of moisture of one 
area over another due to the proximity to fans, personnel presence, water leaks, and 
malfunctioning scrapers.   In addition, after manure piles get to a certain height it is common 
for personnel to knock them down in order to get around. 
Although variation in manure pile profile exists within a house extensive profile 
measurements should provide a good estimation of the manure surface area. In summary, 
High-rise layer houses have the advantage of having a uniform pile profile throughout most 
of the year as compared to other livestock facilities, which makes the quantification of the 
manure surface area (emission source area) attainable without many problems. In turn, 
emission estimation from the manure piles for the entire house is possible.  It is important to 
note that other sources of emission exist that are not accounted for in DFC measurements, 
such as spilled feed, wash water, manure in the second floor, and animal breathing, which 
especially affects CO2 emissions. Some variation is expected on manure properties from the 
effect of mixing fans and ventilation fans over certain manure areas. Other factors that may 
contribute to non-uniform manure properties are operational status of fans and manure 
scrapers, water leaks, age etc. 
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Experimental Design 
Measurements were grouped by seasons. Summer included the months of June, July 
and August; autumn the months of September, October and November; winter the months of 
December, January, and February; and spring the months of March, April and May. 
Statistical analyses were conducted to determine an adequate sampling scheme inside the 
houses, considering spatial variation of gaseous emissions, which may broadly differ inside 
livestock houses (Brewer and Castello, 1999). Several aspects taken into consideration were 
the east – west and north – south cross sections of the barn, as well as the emission variation 
between neighboring piles and along the pile profile. The Fisher F-test was conducted to 
determine the presence of a significant difference among the samples at the (a) east, middle 
and west of the barn; (b) north, middle and south of the barn; and (c) the top, middle and 
bottom of the pile profile. The Student t-test was performed to determine the presence of a 
difference between neighboring piles. In addition, a comparison between the DFC and 
MAEMU ER values was performed and the Student t-test was conducted to compare the 
control diet vs. the (i) DDGS diet and (ii) EcoCal
TM
 diet. A p-value of < 0.05 was considered 
to be evidence of a significant difference in the comparisons. The significance (strong vs. 
weak evidence) of the obtained p-values was interpreted as indicated by Ramsey and Shafer 
(2002). 
In the analyses, samples were paired according to location and date, because great 
variability in gas concentrations was observed from week to week. There were days when 
samples were not taken from all locations.  
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Results and Discussion 
Spatial Variation of Emission Rates 
Manure properties and gaseous emissions may vary along the length of the barn due 
to spatial variations in temperature, moisture content caused by water leakage and manure-
drying fans and different microbial activities in the piles. The barns were east – west 
orientated, therefore locations were tested from the east, middle and west to determine if a 
difference in NH3 emissions from the piles exists. The east, middle and west denominations 
were matched according to pile number (fig. 12) and date. There was no statistically 
significant difference in NH3 concentrations between the three locations during the autumn 
months (P = 0.97) and weak evidence during the winter months with a p-value of 0.13 (fig. 
12).  
 
Figure 12. Longitudinal variations of NH3 concentrations for different seasons (winter and 
autumn), as measured with the DFC placed on the surface of the manure piles. n = 4 per 
location during winter, and n = 14 per location during autumn 
 
Similarly, with the north-south cross-section the NH3 emitted from the piles may 
vary. Samples were taken from the north, middle and south and matched according to date 
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and pile number (fig. 6). Piles 1 & 2 represented the north, 5 & 6 represented the middle and 
9 & 10 represented the south. During winter there was no difference among locations, as 
opposed to autumn, where the NH3 concentration was lower in the south piles compared to 
the north and middle piles (P =  0.008; fig. 13). Because of this potential difference, the 
north, middle and south locations should be considered in the sampling scheme to determine 
emission rates. 
 
Figure 13. Variations in NH3 concentrations across the width of the barns duirng different 
seasons (winter and autumn) as measued with the DFC placed on the surface of the manure 
piles. n = 8 per location during winter, and n = 14 per location during autumn. 
 
A comparison between two neighboring piles (piles next to each other: 1 & 2, 5 & 6, 
9 & 10) was made. Sampling areas were taken at approximately the middle of the pile and on 
the side that faces its neighbor. Results show that there was not a significant difference 
between the NH3 concentrations of two neighboring piles. A paired-t analysis was used to 
compare the NH3 concentrations from any two neighboring piles; results are shown in Figure 
14. The NH3 concentration measured from neighboring manure piles was not different in the 
autumn or winter seasons (P = 0.725 and P = 0.984, respectively). 
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Figure 14. Example of average NH3 concentrations from any two neighboring piles 
measured with the DFC on the same day. n = 17 per pile during winter, and n = 14 per pile 
during autumn. 
 
Other positions worth considering are those along the pile profile. Manure in a pile 
may have different properties and therefore release different quantities of NH3 gas.  As the 
manure accumulates and forms the pile, it is assumed that the manure at the top of the pile 
contains more recent deposition and hence is wetter than the lower portion of the pile. A 
comparison along the piles‟ cross section (as shown in fig. 15) was made to determine the 
best sampling location. Sampling areas were located along one side of the pile at the top, 
middle and bottom. The three were matched according to date, pile number and position in 
the barn. 
69 
 
 
Figure 15. A picture illustrating the approximate location of DFC samples on the pile. 
Measurements taken from the top of the piles proved to be the most variable with a 
standard deviation of 131 ppm for NH3 concentrations, whereas the middle and bottom 
locations with the same number of samples had standard deviations of 38 and 28 ppm, 
respectively. It is important to note that the average NH3 concentration for the top location 
was the highest among the three, and average NH3 concentration for the bottom of the pile 
was the lowest (fig. 16). The combined average for all three locations is similar to that of the 
middle location. For this reason the middle samples were considered representative of the 
overall pile profile. 
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Figure 16. Average NH3 concentrations from any pile‟s profile (top to bottom). n = 4 per 
location 
 
Comparison of DFC and MAEMU 
The estimation of gas ER with the DFC was compared to the MAEMU during the 
same time periods. Considering that manure scraping occurred multiple times a day and 
gaseous emissions would vary with time, samples of the same approximate locations were 
taken multiple times on the North-South cross-section in random order. In this way the fresh 
manure being scraped influenced all locations similarly. Furthermore, the variability in gas 
concentrations over time can be documented to obtain a more representative ER comparison 
between the DFC and the MAEMU.  
The NH3 ER values obtained with the DFC were 8% to 16% of those obtained with 
the MAEMU. This preliminary outcome suggests that the majority of NH3 emissions of the 
high-rise layer barn came from somewhere other than the manure piles (fig. 17); which 
contradicts the MAEMU data that show drastic decrease in NH3 concentration and thus ER 
once the manure is removed from the barn. Although fresh manure existed in the cage and 
dropping board areas, it would likely not account for the large disparity of the two 
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measurement methods. One possible cause for the difference might have been the different 
air turbulence inside the DFC vs. the open manure surface influenced by the manure-drying 
mixing fans which could have changed the boundary layer conditions and thus NH3 emission. 
In addition, the time of manure exposure to air and thus its condition also vary, which would 
affect the NH3 emission. Therefore, it is highly possible that the relative short-term 
measurement of a small manure surface area did not fully represent the conditions of the 
manure in the barn as monitored by the MAEMU. Finally, effective manure surface area may 
have been underestimated since the pile profile measurements do not account for the 
manure‟s porosity. 
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Figure 17. NH3 ER measurements from the DFC and MAEMU, where each point represents 
the average for one trial. And percentage of NH3 emissions from the manure piles, measured 
with the DFC relative to the entire-barn emission as measured by the MAEMU. n = 37 
 
The CO2 ER obtained with the DFC was less than 1 to 4% that of the MAEMU, 
suggesting that most of the CO2 generation was not from the manure decomposition, but 
from the bird respiration. This outcome was in general agreement with the report by Pedersen 
et al. (2008), which suggested adding 10% to the CO2 produced by respiration to account for 
manure CO2 generation. Assuming the emissions determined by the MAEMU represents 
100% of the CO2 emissions and the ones determined by the DFC represent the CO2 produced 
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by the manure, then the manure is responsible for only 1% of emissions (fig. 18). This was 
considerably lower than what was described by Pedersen et al. (2008). 
 
Figure 18. CO2 ER measurements from the DFC and MAEMU, where each point represents 
the average for one trial. And percentage of CO2 emissions from the manure piles, measured 
with the DFC relative to the entire-barn emission as measured by the MAEMU. n= 37 
 
Dietary Treatment Comparison 
Out of the three dietary treatments, the preliminary data showed no significant 
difference in the NH3 ER between the DDGS and control treatments (P = 0.600 for winter, P 
= 0.2669 for spring & P = 0.49 for summer). However, the overall average reduction in 
emissions was 14% for all three seasons, which is comparable to the 20% reduction in 
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emissions observed by the MAEMU during the same sampling days. More extensive 
emission measurements with the DFC may have resulted in marked differences between the 
treatments. Figure 19 shows the difference in emissions between the two treatments. 
 
Figure 19. Average NH3 emission rates for DDGS and control diet manure measured with 
DFC. n = 8 per treatment during winter, n = 10 per treatment during spring, and n = 16 per 
treatment during summer. 
 
On the other hand, the ER was significantly lower from the EcoCal
TM
 treatment 
compared to the control (P <0.001) for the 24 measurements during 3 days in the winter 
period and the 8 measurements during 3 days in the summer period (fig. 20). The percentage 
reduction in NH3 emission using the DFC were 61% and 60% for the summer and winter 
data, respectively, which is reasonably close to the observed reduction of 54% measured by 
the MAEMU for the same days sampled by the DFC.  
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Figure 20. Average NH3 emission rates for EcoCal
TM
 and control diet manure measured with 
DFC. n = 12 per treatment during winter, and n = 4 per treatment during summer. 
 
Conclusions 
A portable dynamic flux chamber (DFC) system has been developed for measuring 
gaseous (NH3, CO2) emissions from poultry manure surface.  Given that the north-south 
cross-section was the only set of measurements that resulted in a significant difference in 
NH3 concentration, the sampling scheme to determine emissions had to include all three 
locations. Preliminary manure NH3 emissions measured with DFC were only 8% to 16% of 
the barn emissions measured with MAEMU. On the other hand, the potential for correction 
factors exists, such as the effect of air velocity and different air exchange rates on emissions 
could be considered. It has been observed that seasonal ventilation rates in animal buildings 
seem to compensate for seasonal NH3 concentrations and result in a fairly constant NH3 
emission rate, although the relatively short-term measurement of NH3 emission flux with 
DFC increases with air exchange rate. Also, the DFC vs. MAEMU discrepancy may be 
determined and adjusted by developing an offset value to match DFC NH3 emissions to the 
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MAEMUs depending on the season. Furthermore, reduction in NH3 emissions by the 
treatment (EcoCal
TM
) diet as compared to the control diet was 60% based on the intermittent 
DFC measurements in winter and spring, which was comparable to the 54% reduction 
measured with the MAEMU. However, measured reductions from the DDGS treatment diet 
were not as conclusive.  
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Chapter 4: General Conclusions 
Conclusions 
This thesis research was conducted with the purpose of developing and evaluating a 
portable dynamic flux chamber (DFC) system for measuring gaseous (NH3 and CO2) 
emissions from poultry manure surface. The research was carried on to fulfill two objectives: 
(1) to assess the impact of operational parameters on the performance of the DFC and (2) to 
validate the „in situ‟ performance of the DFC by comparing it to a „golden standard‟ system 
(MAEMU) while assessing NH3 and CO2 emissions and dietary effects for high-rise laying 
hen houses. 
The first objective was accomplished by evaluating the air exchange rate expressed in air 
changes per hour (20, 39, 58 and 78 ACH) and the air turbulence or velocity over the manure 
surface resulting different air inlet angles (0 vs. 45 degree from the horizontal plane) into the 
DFC. Laboratory tests were performed with laying-hen manure, and the following results 
were drawn: 
 NH3 and CO2 emissions were observed to increase with increasing air exchange rate 
and air velocities inside the DFC. 
 The best fit model for CO2 was a quadratic equation, which hints that emission may 
be approaching to a maximum regardless of the flow rate. On the other hand NH3 
seemed to increase with air exchange rate in a linear fashion, indicating that fresh air 
flow rate is a limiting factor for nitrogen decomposition in the manure for the studied 
flow rates; 
82 
 
 There was evidence of increased gaseous emissions (NH3 and CO2) with air velocity 
over the manure surface at 39 ACH (0 vs. 0.07 m.s
-1
), while no significant difference 
was observed at 78 ACH (0.126 vs. 0.152 m.s
-1
). 
The second objective was achieved by performing several site visits (over summer and 
winter seasons) to a farm where the MAEMU system was installed to continuously monitor 
NH3 emissions from three high-rise laying hen houses. The DFC was used to measure the 
emissions in the lower story (manure storage area) of each barn in 9 different locations. 
Measurements ware taken in two different barns (both being monitored by the MAEMU), 
where hens in the barn were fed the control (regular layer hen diet) diet and hens in the other 
were fed the treatment (EcoCal
TM
) diet. The study revealed the following: 
 Preliminary manure NH3 emissions measured with the DFC were only 8 % to 16 % of 
the barn emissions measured with MAEMU.  
 In addition, CO2 emissions from manure as measured by the DFC appear to account 
for only 1% of the total emissions measured with the MAEMU. 
 Reduction in NH3 emissions by the treatment (EcoCal
TM
) diet as compared to the 
control diet was 60% based on the intermittent DFC measurements in winter and 
spring, which is comparable to the reduction observed with the MAEMU for the same 
days. However, the NH3 reduction was considerably higher than the 23.2% observed 
in similar studies with the MAEMU over a 6 month period. The difference was 
presumably attributed to the seasonal variation in the efficacy of NH3 reduction by 
the diet. 
 On the other hand, measured reductions from the DDGS treatment diet were not as 
conclusive.  
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Recommendations 
Sampling 
As a result of this investigation when determining gaseous emissions with a dynamic 
flux chamber type system the following recommendations were proposed:  
 Maintain a high flow rate through the chamber. Higher air flow rates resulted 
in the best estimation of gaseous emissions. In addition, in previous research 
emissions did not increase with air flow rate when it was at 5 air changes per 
minute, thus, maintaining an air flow rate at a level where it is no longer a 
factor in the emission calculation would reduce the error. 
 Use a filter system. Filtering the incoming air to the system would ensure that 
there is little or no residual gas from previous measurements affecting the 
trials. Furthermore, background concentrations (incoming air) before each trial 
are necessary to accurately determine gaseous emissions. 
 Select an adequate sampling scheme. Variation in the emission source 
properties within the same facility may vary significantly, thus, selecting a 
representative sampling scheme would result in the determination of accurate 
gaseous emissions. 
 Determine emission source surface area thoroughly. The surface area of the 
emission source is a key part of the emission calculation.  
Future work 
As a result of this investigation it appeared that the two major factors that affected 
gaseous emission estimation using a dynamic flux chambers are (1) air flow rate applied to 
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the chamber, and (2) air velocity inside the chamber. Thus, having a flux chamber design that 
allows the study of the effects of both in a broad range would facilitate further research. 
Figure 1 shows a sketch of a possible flux chamber design that fits both parameters. The 
design should include variable speed mixing fans to change air speeds as necessary, and in 
front of the mixing fans have wire mesh to normalize the air velocity through the entire 
chamber. Also, the design should have controlled flow up to 5 air changes per minute 
through multiple air inlets to allow good air mixing inside the chamber. A multiple sampling 
port composite with a static mixer may allow a more certain and consistent concentration 
measurement. In addition, a ring surrounding the chamber to seal the inside environment 
would be helpful to minimize artifact caused by the outside environment. Finally, a larger 
surface area would result in a more representative sample. 
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Figure 1. Sketch of a flux chamber that allows variable air velocity and air flow rate. The 
lines with the arrows show the direction of the air. 
 
 
